ABSTRACT: Nanoimpacts of single palladium-coated carbon nanotubes on a gold substrate are studied to elucidate the origins of the fluctuation in the current−time response of the hydrogen oxidation reaction mediated at its surface. The chronoamperometric and cyclic voltammetric responses from a single nanotube immobilized on the gold surface were compared to analogous data on a carbon substrate to determine the possible influence of substrate material on the nanotube−electrode electrical contact. No significant distinction between the gold and carbon was found, indicating in light of the considerable differences in the substrate materials' intrinsic electronic structures that it is the nanomotion of a nanotube at the electrode surface which is likely responsible for the observed current modulation. This nanomotion creates a varying contact resistance, to which the noise in the current−time signal of the mediated reaction is attributed. In addition, stochastic ex-situ adsorption of single nanotubes onto the gold electrode followed by careful drying of the electrode surface was found to drastically reduce the current fluctuation, again implying that a contact resistance arising from physical motion of the nanotube at the electrode is responsible for the modulation of current.
■ INTRODUCTION
The electrochemical detection and characterization of individual nanoparticles have received much attention.
2−6 Broadly, these experimental studies either probe the direct electrochemical response of the nanoparticle itself 7 or focus upon the mediation of a redox reaction at the nanoparticle surface, 1, 2, 8 the objectives of both encompassing a diverse range of applications from fundamental to analytical or technological. 7−11 In the latter case of nanoparticle-mediated electron transfer, suspended nanoparticles catalytically active toward a redox species which is inert at the chosen electrode substrate stochastically collide with the electrode and mediate the reaction. This is observed as a "step on" in the current−time response, enduring for the duration of the nanoparticle's association with the electrode. Previous examples of these systems range from the initial studies on protonated TiO 2 colloids 12 to Pt nanoparticles which catalyzed proton reduction on impact with a carbon substrate; 11 IrO x nanoparticles catalyzing the oxidation of water on impact with a Pt substrate 8 and the reduction of hydrogen peroxide mediated at silver nanoparticles impacting on carbon. 13 Recent work has shown the mediation of the hydrogen oxidation reaction (HOR) at carbon nanotubes modified with catalytically active Pd nanoparticles impacting a carbon fiber microwire electrode (CFE); 1 it is this reaction which is further studied here. Success in detecting nanoparticle-mediated redox activity is in part predicated upon the redox reaction of interest being significantly slower on the "inert" electrode substrate than on the nanoparticle surface of study. This large discrepancy in rates may be achieved either by the use of a suitable "inner-sphere" electron transfer reaction or by the insulation of the supporting electrode with a "thin" partially passivating layer. 14, 15 The use of carbon as a supporting electrode material is often beneficial due to the commonly associated sluggish heterogeneous electron transfer kinetics. 16 Alternative metallic materials which often exhibit slow electron transfer kinetics, such as mercury, 17−19 are complicated by the ready formation of chloride salts 20 which can and do lead to erroneous results.
One prime aim of such mediated reaction studies is the ability to rapidly screen and study the structure−activity relationship of individual nanoparticles. Here a supporting electrode is immersed into a solution containing the nanoparticle of interest. Due to Brownian motion these particles randomly and stochastically collide with the supporting electrode. If a suitable potential is held at the supporting electrode, on impact a redox reaction may be driven at the surface of the nanoparticle. Assuming the nanoparticle is sufficiently conductive, the electrochemical reaction kinetics will likely be determined by the interfacial electron transfer: the rate of reaction may be limited either by the transfer of electrons between the nanoparticle and the supporting inert electrode, or at the nanoparticle/solution interface. Furthermore, as the nanoparticle approaches the potentiostated electrode from the solution phase the rate-determining step will likely vary as a function of the nanoparticle/electrode separation. At large separations the electron transfer from the nanoparticle to the electrode will be determined by the tunnelling probability; 21 consequently, under this regime the rate of electron transfer will likely exhibit an exponential variation as a function of the nanoparticle/electrode distance. 21, 22 For contacts with a diameter smaller than the mean free path of an electron, the interfacial resistance will scale as the inverse square of the contact radius (the so-called Sharvin limit corresponding to ballistic transfer across the interface); 22 conversely for contacts larger than the electron mean free path, the transfer can be considered diffusive, and the interfacial resistance will be proportional to the inverse contact radius (Holm/Maxwell limit). 23 Subsequently, at shorter distances and with the formation of an electrical contact, the interfacial rate of transfer may be sufficiently large for the ratedetermining step to switch to that of the nanoparticle/solution interface. However, the resistance of such a nanoparticle/ electrode contact will depend upon a variety of factors, not least the size of the contact area. For smaller, highly symmetric nanoparticles (spherical for example), it is reasonable that the nanoparticles' electrical contact with the electrode will be dominated by a single point. However, for larger and less symmetric particles the total current will constitute the summation of multiple parallel contributions. 23 Such investigations into the activity of individual nanoparticles are also reliant on prolonged contact of the impacting nanoparticle with the electrode surface to allow the extraction of kinetic data; for instance a complete (forward then backward) cyclic voltammetric scan at 50 mV s −1 over a potential range of 2 V requires a residence time of at least 80 s. Performing a variable scan rate study over the same potential range thus requires several minutes' contact. A workaround using current spike-type responses recorded at different potentials can be used to construct an effective "CV" from which kinetic insight may be gained. 24 Other promising approaches involve nanoparticles immobilized by electric field attraction, 25 Scanning electrochemical microscopy (SECM) mapping of a single nanoparticle in a prefabricated array, 25, 26 and the prior electrodeposition of a single nanoparticle, 14, 27, 28 where in the latter two cases electrical contact is encouraged through the prior deposition of the nanoparticle onto the substrate. In particular Wain et al. demonstrate catalysis of the HOR at specific sites corresponding to agglomerated Pt/C black nanoparticles, 26 as well as a SECM resolution capable of distinguishing individual Pt nanospheres electrodeposited on a glassy carbon substrate which catalyze the oxygen reduction reaction (ORR). 27 The HOR at an individual nitrogen-doped, palladium nanoparticle-modified carbon nanotube (N-CNT-Pd) impacting with a CFE has been monitored voltammetrically. The residence times of the N-CNT-Pds at the electrode surface are considerable (cf. tens of seconds), implying a relatively strong physical contact with the electrode. However, during the course of the impact the Faradaic current fluctuates significantly; these fluctuations were observed as "noise" in current−time measurements. 1 Consequently, the aim of this work is to identify the physical origins of these fluctuations in the recorded current. This is undertaken by comparing the voltammetric responses of individual N-CNT-Pds toward the HOR at both carbon and gold substrates. The electronic structures of these two materials differ significantly. The carbon fiber used within this work is predominantly graphitic in nature; consequently the material is a semimetal, and the density of states of the two materials at their respective Fermi levels differs by 2 orders of magnitude (0.28 states atom −1 eV −1 for Au vs 2.2 × 10 −3 states eV
. 16 This difference in electronic structure is reflected accordingly, as well as in the case of the anisotropic resistivity of graphitic carbon. 28−30 Given that the fluctuations in current likely arise from its modulation at the nanoparticle/ electrode interface, by altering the electronic structure of the electrode the physical origin of this modulation can be probed.
■ EXPERIMENTAL SECTION
Chemicals. Nitrogen-doped carbon nanotubes decorated with palladium nanoparticles (N-CNT-Pds) were prepared from carbon nanotubes purchased from Pyrograf Products Inc. (Ohio, USA) using the method described in the work of Li et al. 1 The carbon nanotubes (CNTs) were functionalized by oxidation in HNO 3 to produce O−CNT. Nitrogen-containing functional groups were introduced by a flow of NH 3 for 4 h at 600°C in a tubular quartz reactor, giving N-CNTs. Pd ions coordinated to these functionalities when added to a solution of the N-CNTs; a hydrolysis treatment was then applied to crystallize the precursors. This realized N-CNT-Pd with a 2.4 wt % loading of Pd with a high dispersion scale, as characterized by TEM and SEM in the work of Li et al. 1, 31 KNO 3 was obtained from Sigma-Aldrich and was used as received without further purification. All solutions were made up with deionized water (resistivity ≥18.2 MΩ cm, Millipore) and outgassed with N 2 before taking measurements at 298 K. Hydrogen (≥99.98% H 2 ) and nitrogen were supplied by BOC, Surrey, UK.
HOR at Macroelectrodes. The Pt and Au macroelectrodes used in the initial HOR experiment (of diameter 1.6 and 3.0 mm, respectively) were polished with 1, 0.3, then 0.05 μm alumina slurry, rinsed with deionized water, and dried with N 2 before use.
HOR at a Au Microelectrode. The Au microelectrode (made in-house, diameter 48 μm from electrochemical sizing) was polished with the same grades of alumina. It was then polished on a clean, damp polishing pad to remove any embedded alumina residue, before rinsing in deionized water and drying with N 2 . Experiments on the Au microelectrode were carried out at T = 298 ± 1 K in a thermostated Faraday cage using an Autolab potentiostat (Metrohm-Autolab BV, Netherlands). Electrolyte solutions were outgassed with N 2 and H 2 -saturated by bubbling for 5 min immediately before scans were recorded.
Nanoimpact Experiments. Nanoimpact experiments on the Au microelectrode were performed with a two-electrode setup, a Ag wire serving as both a counter and pseudoreference electrode. This facilitated the use of a small volume cell (see SI). A suspension of N-CNT-Pd was prepared by sonicating 2.4 mg of N-CNT-Pd in 5 mL of 0.2 M KNO 3 
solution in a Fisher
The Journal of Physical Chemistry C Article Scientific FB15050 ultrasonic bath until the nanoparticles were well-dispersed. A 20 μL aliquot of this suspension (containing 9.6 μg of N-CNT-Pd) was then added to 180 μL of 0.2 M KNO 3 electrolyte which had previously been outgassed with N 2 and H 2 -saturated. This diluted suspension was then bubbled quickly (∼5 s) with H 2 to disperse the added nanoparticles and kept sealed under a slight positive pressure of H 2 as measurements were taken. Higher suspension to electrolyte volume ratios were also used in order to increase the frequency of impact events (giving rise to volumes >200 μL).
Chronoamperograms were measured at a potential of +0.6 V vs Ag wire for t = 30 s. Immediately after a N-CNT-Pd impact (or nonzero current from a successful immersion was observed as described below), a CV was recorded at 50 mV s −1 from −0.8 to +0.6 V vs Ag wire starting at a potential of −0.775 V, scanning oxidatively first.
Immersion Experiments. Immersion experiments used a conventional three-electrode setup with a mercurous sulfate reference electrode (MSE) supplied by ALS, Japan, and Pt counter electrode. They were conducted by immersing the electrode into the undiluted suspension as prepared above (2.4 mg of N-CNT-Pd in 5 mL of 0.2 M KNO 3 ) for a few seconds before removal. Over a period of several minutes the remaining solvent on the electrode surface was allowed to evaporate to dryness in air at room temperature. During this time in which the electrode was in contact with the suspension, the stochastic impact of nanotubes occurred leaving nanotubes adsorbed on the electrode surface. The complete drying of the electrode following this adsorption promoted their tighter adhesion. This procedure can be described as a stochastic ex-situ adsorption followed by drying, the use of "stochastic" reflecting the random nature of the impacts and "ex-situ" referring to a modification made outside the electrochemical cell in which measurements were made. Adsorption onto the electrode surface was not successful on every attempt (≤50% success rate), first due to the comparable sizes of the electrode and the nanotubes and second due to the limited time in which the electrode was in contact with the suspension.
The electrode was then transferred to an aqueous electrochemical cell of 0.2 M KNO 3 without the nanotubes of study which had been previously saturated with hydrogen; the electrical contact of any existing nanotubes immobilized on the electrode surface was preserved in this process. Successful adsorptions resulted in an observable HOR signal above the control experiments which were run in the H 2 -saturated 0.2 M KNO 3 without nanotubes and a clean electrode surface.
The chronoamperometric and cyclic voltammetric responses of the Au microelectrode and the data from nanoimpacts experiments on the carbon microfibre electrodes (prepared as in Ellison et al. 32 ), adapted from Li et al., 1 are included for comparison. Briefly, a larger volume cell with a three-electrode setup was employed with Ag/AgCl (1.0 M KCl) as a reference electrode and Pt foil as a counter electrode, and chronoamperograms were recorded at +0.1 V vs Ag/AgCl (1.0 M KCl).
■ RESULTS AND DISCUSSION
The oxidation of a hydrogen-saturated aqueous solution (at a concentration of 0.78 mM) containing 0.2 M KNO 3 was studied voltammetrically at a platinum, gold, and glassy carbon macroelectrode (Figure 1) . On the platinum substrate a clear quasi-reversible wave was observed at −0.4 V vs Ag/AgCl corresponding to the two-electron oxidation of hydrogen, as given by
At higher potentials (between −0.3 and −0.1 V vs Ag/AgCl) the diffusional tail of the voltammogram is distorted due to the desorption/adsorption of the hydrogen from the platinum surface. 33 We note that the position of this voltammetric wave is significantly below 0.0 V (vs SHE). This significant shift in the equilibrium potential for the redox couple arises predominantly from the nonunity stoichiometry of the redox reaction and the fact that under standard conditions (1 bar pressure hydrogen) the solution-phase concentration of protons and hydrogen differs by almost 3 orders of magnitude. 34 In contrast to the voltammetric response recorded at the platinum electrode, the glassy carbon and gold electrodes exhibited no appreciable activity toward the oxidation of hydrogen prior to the breakdown of the solvent. This result is itself of interest due to the fact that both carbon and gold are able to electrochemically reduce protons, albeit at significant overpotentials (see Supporting Information). Beneficially this asymmetry in the redox abilities of the two electrodes toward the hydrogen/proton couple provides two suitable substrates upon which electrocatalysis by suitably decorated nanotubes may be investigated.
In previous work, a CFE was immersed into a hydrogensaturated solution containing N-CNT-Pd. 1 In the absence of carbon nanotubes no chronoamperometric features beyond the capacitative charging of the electrode were observed. Conversely, in the presence of the carbon nanotubes large steps in the current were observed. Figure 2 (black lines) provides three examples of such features. These net steps in current are ascribed as being due to the arrival of an N-CNT-Pd at the electrode surface where upon impact it is able to catalyze the HOR, hence leading to an increase in the recorded current.
Note that a CFE was employed due to the low diffusion coefficients associated with the carbon nanotubes (cf. 2 × 10 −13 m 2 s −1 ). The electrode is microscopic in only one dimension, which significantly increases the probability of an impact occurring by virtue of the attainment of a quasi-steady state diffusion regime. 32 Unfortunately, such an electrode design is not feasible with the use of gold as the electrode material due to its differing mechanical properties. It should be noted that due to the distinctly smaller size of the gold microelectrode used as The Journal of Physical Chemistry C Article compared to the CFE a distinctly higher concentration of solution-phase nanotubes was necessary to offset the decrease in collision probability for a smaller area. Hence, an alternate, small-volume cell design, fully described in the Supporting Information, was required to avoid the use of surplus nanotubes to attain this higher concentration. During the course of an electrocatalytic impact the currents passed are in the nanoampere range, and consequently the use of a two-electrode system is possible in the absence of significant ohmic distortion. The silver wire was therefore used as both a combined pseudoreference and counter electrode.
An oxidizing potential (0.6 V vs Ag wire) was applied to the gold working electrode and the resulting current recorded. In the presence of N-CNT-Pd large steps in current were observed as shown in Figure 2 (pink lines). The magnitudes of these steps are, although variable, highly comparable to those recorded for the same nanotube impacts on the carbon fiber electrode. Consequently, these steps in current are again concluded to relate to the arrival of a single nanotube to the electrode surface, where upon contact the palladium present catalyzes the HOR.
Having evidenced the ability to observe the arrival, collision, and electrocatalysis of the HOR at individual carbon nanotubes this work now turns to studying the cyclic voltammetric response of these single entities at a gold microelectrode. This was feasible due to the relatively long residence times of the carbon nanotubes at the electrode surface as evidenced by the durations of the faradaic steps observed in Figure 2 (cf. >10 s) . Upon observing an impact of a carbon nanotube to the electrode surface, a cyclic voltammogram of the oxidation of hydrogen at the individual carbon nanotubes was recorded. Figure 3 depicts six examples of the cyclic voltammetric response of individual carbon nanotubes catalyzing the oxidation of the solution-phase hydrogen, three of which were recorded on a carbon fiber electrode and three of which were recorded on a gold microelectrode (as described above). Also depicted in Figure 3 is the response of the gold microelectrode in the absence of N-CNT-Pd. Importantly, as found for the macroelectrode (Figure 1 ), no peak corresponding to the oxidation of hydrogen was observed on the bare gold surface.
Comparison of the chronoamperometric and voltammetric responses recorded for the single-carbon nanotubes impacting at both the carbon and gold electrodes demonstrates that the electrochemical responses are indistinguishable on the two substrates. This is apparent from Figures 2 and 3 which show fluctuations in the steady-state HOR current, for comparative step heights or steady-state current magnitudes respectively, as standard deviations. Given the extreme differences between the electronic structures of the two electrode materials (described above), this insensitivity to the electrode substrate is of distinct importance. Moreover, the relatively long residence times of the carbon nanotubes at the electrode surfaces (cf. tens of seconds) indicate a strong association of the carbon nanotubes to the electrode surface. This result highlights the differences between physical and electrical contact, in that although the nanoparticle is resident at the electrode the properties of the electrical connection are clearly variable with time. The carbon nanotubes are highly conductive due to their multiwalled structure, 35 and their large sizes preclude current fluctuations relating to a shot noise process arising from the finite nature of the solution-phase hydrogen concentration. 36 Given this, it is reasonable to conclude that these fluctuations are associated with the electrical connection between the electrode and nanoparticle. Of the cases featuring similar nanoparticle residence times, similar fluctuations have been observed, for example, in the electrochemical response of individual spherical gold nanoparticles catalyzing proton reduction on impact with a carbon fiber electrode. 37 Consequently, the physical origin of the observed fluctuations is likely common to all the aforementioned systems and is not related to the specific case of impacting carbon nanotubes. Hence, it is credible that the predominant source of the observed current fluctuations relates to the nanoscopic motion of the nanoparticle at the electrode surface which serves to modulate the electrical connection.
In order to evidence this, the article finally turns to considering the response single-carbon nanotubes which were adsorbed at the gold interface and the contact dried prior to electrochemical experimentation. To achieve this, the same gold microelectrode was immersed in the previously described 2.4 mg of N-CNT-Pd/5 mL of 0.2 M KNO 3 suspension for a few seconds, removed, and allowed to dry in air. This enabled the stochastic ex-situ adsorption of a nanotube as described above. The modified electrode was then, after drying, inserted into the previously H 2 -saturated electrolyte. Figure 4 depicts the representative voltammetric responses of the HOR on the Au microelectrode after modification with N-CNT-Pd. In a majority of cases the current amplitude was comparable to that expected for a single nanotube (2.75 nA for a single nanotube given an average length of 5 μm 1 ). The voltammograms are distinctly different from the majority of observed responses of the in-situ impacted electrodes. Notably, the magnitude of the voltammetric wave is not significantly different, suggesting that in both examples a single-carbon nanotube is located on and in electrical contact with the gold electrodes. However, of most importance is that the large current fluctuations are no longer observable and that the HOR is inhibited at higher potentials, although this inhibition is reversible as evidenced by the increase in the current on the reverse scan. This "switching-off" of the HOR at higher overpotentials is almost certainly associated with the electrochemical oxidation of the carbon nanotube-supported palladium nanoparticles. The removal of current fluctuations via drying of the electrode evidences that the noise is not inherent to the electrode material or the nanoparticle but arises from the electrical contact between the nanoparticle and electrode, whereby drying of the electrode improves the contact properties. The extraction of physically meaningful data regarding the kinetics of an electron transfer process has the prerequisite that large fluctuations in the current are not observed during the course of the Faradaic process. Such good electrical contacts may be formed via the drying of the electrode (as demonstrated) or may adventitiously occur over the course of an in situ nanoparticle impact.
■ CONCLUSIONS
The chronoamperometric and voltammetric responses of individual N-CNT-Pds have been studied in situ at a gold electrochemical interface and compared to the response observed for impacts at a carbon fiber microwire electrode. Although the electronic properties of the electrode substrates differ significantly, the electrochemical responses are found to be essentially indistinguishable: current fluctuations of a similar magnitude were present for both substrates. Instead the fluctuations are attributed to the nanomotion of the nanotube at the electrode surface, which modulates its electrical contact and therefore the resulting current. Moreover, ex-situ adsorption to the gold electrode followed by drying of the interface improves the electrical connection between the nanoparticle and substrate such that the voltammetric response arising at a single carbon nanotube may be recorded in the absence of large current fluctuations. The maximum current before its limitation by Au surface oxidation at higher potentials is labeled ± std. deviation.
